for 1 year, or until PB change or censoring. Data were assessed with generalized linear models. Results. We analyzed 8616 patients. Higher pill burden was associated with lower adherence. Lower adherence tended to be associated with higher mean phosphorus levels and lower percentage of patients with serum phosphorus ≤5.5 mg/dL (P < 0.001). The association between adherence and these clinical outcomes was most pronounced in the lowest and highest pill burden strata (<3, >3-6, >12-15, >15). Conclusions. Adherence, as measured by the MPR, was negatively related to higher pill burden and phosphorus levels and positively related to patients in the phosphorus target range. Within pill burden strata, phosphorus increased and patients in the target range generally decreased with decreasing adherence, suggesting that patients prescribed fewer PB pills are less likely to have treatment gaps, and may be more likely to achieve phosphorus targets.
A B S T R AC T
Background. Phosphate binders (PBs) account for about one half of the daily pill burden for US hemodialysis (HD) patients, which may reduce adherence. Adherence can be estimated by the medication possession ratio (MPR), which is defined as the proportion of time a patient had sufficient medication to have taken it as prescribed. Gaps of time between prescription fills lower the patient's MPR. We assessed the association of PB pill burden and adherence (MPR) with phosphorus goal attainment. Methods. Using pharmacy management program data, HD patients on PB monotherapy were tracked from first PB fill during 1 January 2007-30 June 2011 for 1 year, or until PB change or censoring. Data were assessed with generalized linear models. Results. We analyzed 8616 patients. Higher pill burden was associated with lower adherence. Lower adherence tended to be associated with higher mean phosphorus levels and lower percentage of patients with serum phosphorus ≤5.5 mg/dL (P < 0.001). The association between adherence and these clinical outcomes was most pronounced in the lowest and highest pill burden strata (<3, >3-6, >12-15, >15). Conclusions. Adherence, as measured by the MPR, was negatively related to higher pill burden and phosphorus levels and positively related to patients in the phosphorus target range. Within pill burden strata, phosphorus increased and patients in the target range generally decreased with decreasing adherence, suggesting that patients prescribed fewer PB pills are less likely to have treatment gaps, and may be more likely to achieve phosphorus targets.
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I N T RO D U C T I O N
Among hemodialysis (HD) patients, bone and mineral metabolism dysregulation is a serious and pervasive problem [1, 2] . Markers of mineral and bone disorders (MBD), including hyperphosphatemia, secondary hyperparathyroidism and hypercalcemia, have been associated with increased risk of hospitalization and mortality [3] [4] [5] [6] [7] [8] [9] [10] . The National Kidney Foundation Kidney Disease Outcomes Quality Initiative (KDOQI) specifies that serum phosphorus levels should be maintained between 3.5 and 5.5 mg/dL, primarily through dietary restrictions and phosphate binders (PBs), yet only 41-64% of dialysis patients are able to maintain phosphorus within the target range [11, 12] . Similarly, the Kidney Disease: Improving Global Outcomes (KDIGO) clinical practice guidelines for bone and mineral disorders suggest lowering elevated phosphorus levels toward the normal range, although no specific target range is prescribed [13] .
PB nonadherence may complicate serum phosphorus control [2, 14] ; on average, over half of dialysis patients are not adherent to their PB regimes, but this level ranges from 21 to 74% depending on the patient population and measurement method [2, [15] [16] [17] [18] [19] [20] [21] . Adherence may be affected by pill burden. PBs often pose a large pill burden [14] , accounting for nearly half of the high daily total pill burden (median, 19) for US HD patients [22] . Higher pill burden is associated with lower health-related quality of life [22] .
Measuring the impact of treatment adherence on patient outcomes is difficult, in large part due to the challenges of quantifying 'adherence.' The medication possession ratio (MPR) is an effective way to estimate adherence. The MPR is the proportion of days the patient had sufficient medication available to have taken the medication as prescribed. It is calculated from the number of days' worth of medication supplied to the patient within a refill interval in relation to the number of days in the refill interval [23, 24] . Long gaps of time between medication refills will lower a patient's MPR.
We hypothesized that lower PB pill burden would be associated with higher treatment adherence and more favorable clinical outcomes (such as low serum phosphorus levels and more frequent attainment of KDOQI phosphorus goals). To test this hypothesis, we evaluated the association of PB pill burden with adherence (measured by MPR), serum phosphorus levels and time in recommended phosphorus range by conducting a retrospective, observational study of a large dialysis provider's electronic medical records and pharmacy management program.
S U B J E C T S A N D M E T H O D S

Study design
In this retrospective, observational study, we examined PB pill burden, adherence and serum phosphorus levels among prevalent HD patients on PB monotherapy receiving care at a large dialysis organization (LDO) and participating in a pharmacy management program between 1 January 2007 and 30 June 2011. The program was a full-service pharmacy that delivered prescriptions and over-the-counter medications directly to the patient's dialysis facility or their home. The program provided medication review by pharmacists upon enrollment, weekly refill reminders, assistance with pre-authorization services and individualized payment plans. Patients enrolled in the program could fill their prescription at a local pharmacy if needed. Patients could enroll in a refill management system (RMS) within the program, allowing patients to have prescriptions refilled automatically when they were expected to run out.
Patients in the study were ≥18 years old, receiving in-center HD three times or more per week, Medicare patients receiving care in the LDO's facilities during the time frame and continuously enrolled in the pharmacy management program with no gap >180 days between prescription fills. Patients were excluded if they were receiving peritoneal dialysis, home HD or nocturnal HD; were enrolled in the pharmacy management RMS program for PBs; were receiving the powder or sachet formulation of sevelamer; or had serum phosphorus levels <3.0 mg/dL.
Patients were tracked from first PB prescription fill during the specified period for 1 year or until a censoring event. Patients were censored if they switched PB type, received prescriptions for multiple PBs, enrolled in the automatic RMS, had a gap of 180 days between fills of all medications in the pharmacy management program, had two consecutive serum phosphorus levels <3.0 mg/dL, discontinued HD or died. Patients with two consecutive serum phosphorus levels <3.0 mg/ dL were censored because these patients are often considered to have hypophosphatemia, tend to be different from the general population and are usually taken off PBs.
Medication possession ratio
The MPR reflects the proportion of time a patient had sufficient medication supply available to take the medication as prescribed. For a patient to be in compliance with prescriptions, they must-at a minimum-have filled the prescriptions and, therefore, have the pills in their possession. An MPR of <1.0 indicates that the patient did not have enough medication to take as prescribed. The MPR was calculated starting with the first prescription fill and for a maximum of 1 year or until a censoring event. The MPR was defined as follows: 'Days Supplied in Period' was the total number of days' worth of medicine covered by a given prescription fill. On occasion, patients refilled their prescription before their current medication supply was exhausted, resulting in the patient having extra medication. To account for this, 'excess days' was defined as the number of days' worth of medication left over at the end of the previous prescription period, and was subtracted from the total number of days' worth of medicine covered in the current period. 'Days in Period' was the total days in the observation period. Thus, in the patient-time method, the numerator was equal to the number of days with medication available, and the denominator was equal to the number of days the patient was in the study. The patient-time method is the traditional manner of defining the MPR. Because we had access to prescription information through the pharmacy management database, we also calculated the MPR using a second method, the order method, which explicitly included prescription orders information in calculating the total number of days a patient was prescribed medication. For the order method, 'Days Supplied in Period' and 'Excess Days' are defined the same as for the patient-time method. The 'Days Covered by Orders in Period' was the number of days covered by an order in the pharmacy management database. The denominator in the order method formula was often equal to that of the patient-time method, but could be smaller if there was a gap in prescriptions. Given that the order method MPR draws upon this additional information and does not rely upon the assumption that the patients' prescriptions are continuous, the order method MPR may be a more accurate reflection of compliance, although both methods use the same fundamental calculation.
Definitions
The mean phosphorus level was defined as the average of per-patient mean values for all tests over the period. The percentage of patients with a phosphorus concentration of ≤5.5 mg/dL, defined as 'in-range,' was calculated as the percentage of patients with an overall mean phosphorus concentration of ≤5.5 mg/dL after censoring. Phosphorus means were weighted by the amount of patient-time in days contributed by each patient to account for the number of days each patient was included in the analysis. Pill burden was defined as the mean number of pills/day for days covered by a pharmacy management program prescription. The MPR was defined as the percentage of days during which the patient had pills available to take, using either the order or patient-time method. Definitions of pill burden and MPR strata were based on an initial view of the distribution of the data.
Statistical analysis
Outcome variables were mean MPR, mean phosphorus level and percentage of patients in the phosphorus range (≤5.5 mg/dL). The mean MPR was stratified by pill burden. The mean phosphorus level and percentage of patients in the phosphorus range were stratified by pill burden and also by the MPR. Generalized linear models (GLMs) were used to determine associations between strata (categorical) and outcome variables using SAS version 9.2.
R E S U LT S
Patient characteristics
Prevalent HD patients on PB monotherapy who were enrolled in the pharmacy management program were evaluated for pill burden, phosphorus levels and adherence. Patients included in the analysis received sevelamer, calcium acetate or lanthanum chloride (Supplementary Data Table S1 ). Because this analysis focused specifically on pill burden, patients receiving the sachet or powder form of sevelamer were excluded. Twenty-eight percent of patients that switched PB therapy or received dual therapy were also excluded. Adherence was assessed using MPR via two independent methods, the order method and the patient-time method. For the patient-time method, 9346 patients who met all inclusion criteria were included in the analysis, and the MPR was assessed based on the total number of days the patient was included in the study. For the order method, the MPR was calculated based on the number of days for which patients had a physician order for PB therapy: 8616 patients with available order information were included; 730 patients were excluded from this analysis due to missing order information (Table 1) . Patient demographics for the 730 patients who were excluded due to missing order information were not systematically different from the demographics for the patients analyzed.
Pill burden, medication possession ratio and serum phosphorus calculated by the order method The MPR calculated using the order method includes both proportion of time the patient had doctor's orders to take the medication and medication to take based on the data from the pharmacy management program database. Overall, the mean weighted MPR levels were low, ranging from 51% in the group with the lowest pill burden (0-3 pills/day) to 42% in the group with the highest pill burden (>15 pills/day). The MPR was negatively associated with pill burden (P < 0.001; Figure 1A , Table 2 ). The MPR was also negatively associated with mean phosphorus levels (P < 0.001; Figure 1B , Supplementary Figure S1 ).
The negative relationship between the MPR and mean phosphorus levels was also examined within pill burden strata. Within most pill burden strata (0-3, >3-6, >12-15 and >15 pills/day), a lower MPR was associated with a higher mean phosphorus level. However, a non-linear pattern emerged within the >6-9 and >9-12 pills/day strata (P < 0.001 using GLM; Figure 1C , Table 2 ) with the lowest MPR associated with the highest mean phosphorus concentration, but the middle range MPR associated with the lowest mean phosphorus concentration. Similarly, when the percentage of patients with a mean phosphorus concentration of ≤5.5 mg/dL was assessed by pill burden strata, a higher MPR was associated with a higher percentage of patients with a serum phosphorus concentration of ≤5.5 mg/dL within each pill burden stratum. The difference was significant among strata (P < 0.001 using GLM analysis; Figure 1D , Table 2 ). In the 6-9 and 9-12 pills/day strata, a non-linear pattern was again noted with the lowest MPR associated with the lowest percentage of patients with a serum phosphorus concentration of ≤5.5 mg/dL, while the middle range MPR was associated with the highest percentage of patients with a serum phosphorus concentration of ≤5.5 mg/dL.
Pill burden, medication possession ratio and serum phosphorus calculated by the patient-time method The MPR was also calculated using the more traditional patient-time method, in which the numerator was defined as the days with medication available, and the denominator was defined as the number of days the patient was in the study and relies on the assumption that the patients' prescriptions are continuous throughout the analysis. Using the patient-time method, the MPR was negatively associated with pill burden, 48% in the lowest pill stratum to 40% in the highest pill stratum (P < 0.001; Figure 2A , Table 3 ). The MPR was negatively associated with serum phosphorus levels (P < 0.001; Figure 2B , Table 3 ) with a serum phosphorus concentration of 5.59 mg/dL within the 0 to ≤0.4 MPR strata; 5.44 mg/dL within the >0.4 to ≤0.6 MPR stratum; 5.37 mg/dL within the >0.6 to ≤1.0 MPR stratum. As with the order method, higher mean phosphorus levels were associated with a lower MPR in general and showed a U-shaped pattern at 6-9 and 9-12 pills/ day when stratified by MPR. The difference in mean phosphorus concentration by both pill burden and MPR strata was significant among strata (P < 0.001 using GLM analysis; 
Pill burden, MPR and serum phosphorus calculated using the order method. (A) Weighted MPR by pill burden using the order method. The MPR was calculated as the days supplied in the period minus the excess days divided by the days covered by orders in the period. The mean MPR for each stratum is shown; P < 0.001 among strata by GLM; total n = 8616. Sample sizes for each pill burden stratum are shown at the base of the column. Error bars represent 95% confidence intervals (CIs). (B) Mean Phosphorus Levels Stratified by MPR using Order Method. Mean phosphorus concentration was calculated as the mean of per patient values for all tests of the period. Phosphorus means were weighted by the amount of patient-time contributed by each patient; P < 0.001 among strata by GLM; total n = 8616. Error bars represent 95% CIs. (C) Mean phosphorus by pill burden and MPR strata using the order method. Mean phosphorus was calculated as the mean of per patient values for all tests of the period. Phosphorus means were weighted by the amount of patient-time contributed by each patient. Lower MPR was associated with a higher mean phosphorus level (P < 0.001 among strata using GLM); a non-linear pattern emerged within the >6-9 and >9-12 pills/day strata. Error bars represent 95% CIs. (D) Percentage of patients with mean serum phosphorus ≤5.5 mg/dL by Pill Burden and MPR strata using the order method. The percentage of patients with phosphorus ≤5.5 mg/dL was calculated as the percentage of patients with an overall mean phosphorus of ≤5.5 mg/dL within the research period after censoring; total n = 8616. Higher MPR was positively associated with a higher percentage of patients with a serum phosphorus concentration of ≤5.5 mg/dL within each pill burden stratum (the difference was significant among strata, P < 0.001 using GLM analysis); in the >6-9 and >9-12 pills/day strata, a non-linear pattern was noted. Error bars represent 95% CIs. 
O R I G I N A L A R T I C L E
S e r u m p h o s p h o r u s a n d p i l l b u r d e n i n H D Figure 2B ). Thus, in the same population, the associations found in the patient-time method MPR analysis confirm the associations noted in the order method MPR analysis.
Pill burden, medication possession ratio and serum phosphorus for patients enrolled in the automatic refill management system (RMS) calculated by the order method A portion of patients in the pharmacy management program were enrolled in the RMS and had their prescriptions refilled automatically, or received reminders that the time had come to refill their prescription. RMS patients were excluded from the primary analyses because the RMS may have closed the gaps in medication need, and thus, produced artificially high MPR levels. However, in a separate analysis using the order method, the MPR was calculated for this patient population and was indeed found to be significantly higher than that seen in non-RMS patients (a third of RMS patients had an MPR of >0.90). For the RMS patients, the MPR was still found to be negatively associated with pill burden, with patients in the lowest pill burden stratum having a mean MPR of 0.75 and those in the highest pill burden stratum having a mean MPR of 0.69 (P < 0.001; Figure 3A , Table 4 ). The MPR was also negatively associated with mean phosphorus levels (P < 0.001; Figure 3B , Table 4 ).
D I S C U S S I O N
PBs pose a high pill burden to patients. Using data from the pharmacy management program, we assessed the association between pill burden and adherence as measured by the MPR and the association of MPR with phosphorus levels and time in KDOQI target range. MPR levels ranged from 40 to 50%; these low rates are consistent with real-world medication adherence. As expected, a higher pill burden was associated with a lower MPR. Because a lower MPR signifies a longer gap between fills, these data suggest that the patients who are F I G U R E 2 : Weighted MPR by pill burden and mean phosphorus by pill burden and MPR strata using the patient-time method. (A) MPR was calculated as the days supplied in the period minus the excess days divided by the days in the period. Mean MPR for each stratum is shown; P < 0.001 among strata by GLM. Error bars represent 95% CIs. (B) Mean phosphorus was calculated as the mean of per patient values for all tests of the period. Phosphorus means were weighted by the amount of patient-time contributed by each patient; total n = 9346. Lower MPRwas associated with a higher mean phosphorus level (P < 0.001 among strata using GLM); a non-linear pattern emerged within the >6-9 and >9-12 pills/ day strata. Error bars represent 95% CIs. Table 3 . Pill burden, MPR and serum phosphorus calculated using the patient-time method prescribed more pills as part of their PB regimen are more likely to have worse adherence. It also follows that the lowest MPR occurred in patients in the highest pill burden stratum. In general, higher MPR levels were related to lower mean phosphorus levels and a larger percentage of patients with phosphorus ≤5.5 mg/dL. These associations were observed whether the MPR was assessed with the order method or the patient-time method and, moreover, were also observed in patients enrolled in the automatic RMS. This is the first study of the magnitude of close to 9000 dialysis patients to demonstrate an association of PB pill burden with phosphorus outcomes via levels of medication adherence. Previous much smaller studies have also shown an inverse relationship between adherence and pill burden and a positive association between phosphorus levels and pill burden [22, 25] . The levels of adherence in this study are similar to previous estimates from a systematic review reporting a mean nonadherence rate of 51% (range 22-74%) [2] . Consistent with our results, Arenas et al. found that serum phosphorus levels were significantly higher in nonadherent patients and those patients were at greater risk of being outside target phosphorus range [21] . In the Arenas study, adherence was measured among 165 patients receiving HD at a single dialysis unit using the patient-reported Simplified Medication Adherence Questionnaire. Chiu et al. noted a significant, inverse, nonlinear relationship between pill burden and adherence with a large increase in nonadherence in patients prescribed >12 pills/day [22] . In that study of 233 prevalent dialysis patients, PB burden was calculated based on pills brought from home by the patient and adherence was calculated as the actual number of pills consumed divided by the expected number of pills consumed from the time of last refill to the study visit date, based on the prescription label of the patient-supplied medication. Adherence and patient satisfaction were shown to improve when pill burden was reduced due to a switch to a higher strength PB [25] . Yet 54% of patients were reported to F I G U R E 3 : Weighted MPR by pill burden and mean phosphorus by pill burden and MPR strata using the order method in patients using the RMS. (A) MPR was calculated as the days supplied in the period minus the excess days divided by the days covered by orders in the period. Mean MPR for each stratum is shown; P < 0.001 among strata by GLM. Error bars represent 95% CIs. (B) Mean phosphorus was calculated as the mean of per patient values for all tests of the period. Phosphorus means were weighted by the amount of patient-time contributed by each patient; total n = 26 279. Lower MPR was associated with a higher mean phosphorus level (P < 0.001 among strata using GLM); a non-linear pattern emerged within the >9-12, >12-15 and >15 pills/day strata. Error bars represent 95% CIs. 
O R I G I N A L A R T I C L E
S e r u m p h o s p h o r u s a n d p i l l b u r d e n i n H D 2097 be dissatisfied with their prescribed PB and those patients had higher serum phosphorus levels [20] . Thus, serum phosphorus levels are influenced by adherence which, in turn, is affected by pill burden, patient satisfaction and patient preference. Currently, under the Centers for Medicare and Medicaid Services (CMS) ESRD Prospective Payment System (PPS),dialysis centers are reimbursed separately for oral medications. However, CMS has proposed that from 2016 these drugs will be included in the PPS composite rate payment for dialysis services. It will therefore be particularly useful to analyze these data with regard to Medicare cost impact. Also, because of the importance of quality of life for dialysis patients, the 2008 Medicare Conditions for Coverage mandate health-related quality of life (HR-QOL) be measured annually and addressed [26] . High pill burden has been shown to be negatively associated with HR-QOL [22] and reducing pill burden may be a mechanism to improve HR-QOL, as well as laboratory measures, in dialysis patients.
This study is not without limitations. First, this cross-sectional study highlights statistically significant associations, but cannot determine causality. Lower pill burden and higher efficiency in patients with higher MPRs may arise from higher adherence to both prescribed PBs and recommended dietary restrictions. Second, the MPR is the most commonly used and best-known measure of adherence but is only a proxy for adherence. Third, the MPR has a limited ability to analyze the continuity of medication usage. The MPR assumes that patients reorder only if they have no more pills but in fact they can throw away or store pills and reorder on the appropriate date to appear compliant to their physician. Therefore, a high MPR does not necessarily guarantee high adherence. However, a low MPR is a good indication that patients are not compliant as they do not have enough medications to stay adherent to their prescriptions. Patients in the high pill burden group may be more likely to continue to get refills even if they have not taken all their pills. Chiu et al. also found ∼60% adherence in patients with a PB pill burden of 13-32 pills/day. Finally, the study is limited by the fact that pill burden is confounded with PB type. We did not investigate binder type or dual binder therapy in the current analysis due to the complexity of calculating the MPR from numerous different start and stop dates for different binders for a single patient.
In summary, using data from the pharmacy management program, we found that overall MPR is low and the MPR increases as pill burden decreases. The pattern of results supports the hypothesis that lower pill burden is associated with higher adherence, as assessed by the MPR. A higher MPR was associated with lower mean phosphorus levels and higher percentage of patients with phosphorus ≤5.5 mg/dL. The conclusion that PB formulations which provide equivalent phosphate binding capacity with lower pill burden is likely to achieve superior adherence and better phosphorus control is plausible and in agreement with existing studies that fewer pills or doses resulted in better compliance [27, 28] . Allowing patients to control or improve their own compliance with lower pill burden may be accomplished through changes in PB type or potentially through new types of PBs.
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